The low-frequency dynamics of a molecular glass former has been investigated by means of inelastic neutron scattering &om a mostly incoherent sample as well as by computer molecular-dynamics simulation. The mode assignments have been carried out using the neutron data for the polycrystal as well as by means of the analysis of the density of states (DOS) computed from a lattice-dynamics calculation. The polycrystalline sample is then taken as the reference state and the deviations that are a known characteristic of the glassy phase are discussed in detail. In particular, the enhancement of the low-frequency part of the DOS corresponding to the glassy phase that gives rise to a welldefined low-frequency inelastic peak in the neutron S(Q, u) dynamic structure factors is found to arise from translational modes that are dominant over the rotational contribution. Such modes are also found to give rise to a bump in the temperature dependence of the C /T specific-heat curves at 2 (T & 10 K.
I. INTRODUCTION
The thermal properties of glasses well below the thermodynamical glass transition temperature Ts are now starting to be understood on a quantitative basis.~z Although at temperatures below 1 K there is wide agreement that most of the observed phenomenology can be explained in terms of tunneling motion of some (yet to be specified) atoms, s it seems clear that additional excitations are present at moderately high temperatures (1 -50 K), which are responsible for the anomalous behavior of the temperature dependence of several macroscopic properties such as the specific heats or the thermal conductivity. 4 Several attempts have been registered in order to quantitatively analyze the origin of the anomalies in the ternperature dependence of thermodynamic (specific heats) and transport (thermal conductivity) properties at moderately low temperatures such as mode softening by strains, or phonon scattering by localized modes, although at present there seems to be no commonly accepted mechanism that can be considered to be as universal as most of the properties of the glassy state are.
The present paper aims to shed some light on these problems by means of the study of the low-frequency dynamics of a molecular glass former (methanol CHsOH). Although the glass formed by this material is substantially more complicated, due to the presence of the hydrogen-bond network, than the current van der Waals glasses such as those formed by complex organics or polymers (i.e. , orthoterphenyl or polybutadiene), it was chosen for several reasons. First of all its basic molecular unit is relatively small so that it enables the simulation by means of computer molecular dynamics (MD) using a large enough number of particles. Moreover there exist some model potentials capable of accounting for most of the dynamical properties, such as the collective dynam- ics of the liquid phase as well as the crystal structurerelated properties as has been shown in previous work.
Prom an experimental point of view The present paper constitutes a first part and it is focused on the comparison of the low-frequency response of the glassy and crystalline phases as observed using high-resolution inelastic neutron scattering (INS) with the density of states calculated by means of MD simulations in the case of the glass and lattice-dynamics (LD) computations for its polycrystalline counterpart. The crystal will serve as a reference state and a comparison between the dynamical properties of the crystal and the low-temperature liquid has already been given. 7 A second part containing experimental and simulation data regarding the collective response will follow in due course.
The outline of the paper is as follows: Sec. II contains some information regarding the experimental, data treatment, and computational approaches; Sec. III is devoted to the presentation of the main results and Sec. IV gives a discussion on the results obtained from the different approaches. Finally, Sec. V describes the main conclusions from the present work.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS A. Experiment
The glass samples were prepared by rapid quenching of the room-temperature liquid in a liquid-nitrogen bath.
The inelastic-neutron-scattering experiments were performed using the IN6 time-of-flight spectrometer of the Institut Laue Langevin, Grenoble, France, using an incident wavelength of 4.12 A.. The sample container was an aluminum plate of 0.6 mm internal thickness and the temperature was controlled using a standard orange cryostat. The measurements were performed at temperatures ranging from 5 to 110 K in the glass phase. At 135 K a rapid crystallization into the low-temperature n phase occurs, and the measured spectra corresponds to a polycrystal. The spectra at T = 200 K were taken as an additional reference since at that temperature the melting is complete. Finally calibration runs with the empty cell as well as with vanadium foil of the same thickness as the sample were carried out in order to subtract the container scattering and to normalize the measured intensities. In all cases, the presence (or absence) of crystalization was monitored from plots of the wave-vector dependence of the elastic intensity. The cross-section data were converted into S (O, u) In order to test the model employed for the interparticle potential, a minimization process using the wMIN codeIs has been carried out starting with the experimentally determined crystal structure for the lowtemperature n phase, Is using the cell parameters, molecular rotation, and translational degrees of freedom as free parameters. The Ewald methodzs was used to deal with the electrostatic long-range interactions and a cutoff distance of 12 A. has been taken for the Lennard-Jones interactions.
The changes undergone in the process by the three lattice parameters were in percentage units of 2.9, 3.8, and 3.8, whereas the maximum shift in the atomic coordinates is 0.3 A. Such a discrepancy between calculated and experimental crystal structures indicated that the potential model considered here satisfactorily reproduces the observed structure.
C. Molecular dynamics
The trajectory of a 256 methanol molecules system subject to cubic periodic boundary conditions was computed using Newtonian classical mechanics (NVE-P ensemble) for two different thermodynamic states (see Table I ). The molecules were treated as rigid bodies composed of six mass points (modeling the atoms in the molecule) and three interaction sites located at the oxygen, carbon, and hydroxylic hydrogen positions. The Cartesian equations of motion were integrated using the velocity version of the Verlet algorithm with a time step of 10 s, and the RATTLE algorithm ' was used to implement the holonomic constraints required to keep all intramolecular distances fixed. The molecular geometry and parameters defining the interaction potential were those proposed by Haughney, Ferrario, and McDonald. A switch function was used to turn off smoothly all the interactions between pairs of molecules whose centerof-mass separation was greater than a cutoff distance. (q, k, ) (q, k, ) . (7) For the polycrystal, the relevant scattering function S(Q, u) must be obtained as an average over all scattering directions g. so This process has been carried out by dividing the Q space in a fine mesh (40 x 40 x 40 points in the first Brillouin zone).
The crystal frequency distribution function [density of states (DOS)] has been calculated by means of a sampling over the crystal Brillouin zone using a mesh of 18x 18x 18 points along each reciprocal lattice direction.
be clearly seen upon inspection of the figures, a noticeable finite-frequency response is present in all the spectra although it only appears as an unresolved shoulder in the glass samples at lower momentum transfers.
Also, the inelastic peak that becomes visible at large momentum transfers is located at substantially lower frequencies in the glass samples than in their polycrystalline counterpart. The Q dependence of the peak maxima~" is, in both cases, depicted in Fig. 4 . The parabolic behavior evidenced in such graph is known to be characteristic, in the case of polycrystals, of recoiling processes as has been long recognized. sT he polycrystal data were therefore analyzed in terms of recoil scattering from the lattice under the assumption of asymptotic (large-Q) behavior where the one-phonon contribution to the dynamical structure factors S~(Q, u) is assumed to be composed of a sum of Gaussian contributions, so that the total S(Q, u) can be written as Such an approximation represents the dynamic structure factor in terms of Gaussians centered at an energy that is the sum of the lattice and the recoil term with a width that only becomes independent of the momentum transfer in the fr""-particle limit. Since the achieved range of momentum transfers explored in this work falls short of such a limit, the widths of the individual Gaussians were taken as adjustable parameters. As a matter of fact, several trials using Eq. (10) to estimate the width did not provide acceptable fits to the experimental intensities.
Excellent results were obtained using this approximation, but leaving the widths as adjustable parameters, and some results are shown in Fig. 3 . The spectra covering an energy-transfer range of about 25 meV from the elastic line can be described as a sum of two Gaussian distributions centered at frequencies that correspond to the lattice mode plus a recoil contribution. In the polycrystal such lattice frequencies are of about 5.0 and 12.0 meV. The wave-vector dependence of the peak maxima can therefore be accounted for in terms of recoiling motions of the atoms taking part in low-frequency lattice modes, as will be commented on in detail below.
A recoil mass of 1.36 amu (atomic mass units) was computed from the fits, which is in excellent agreement with the Sachs-Teller masssz for the hydrogen atoms in the methanol molecule, and is also close to the freeatom mass of 1.35 amu calculated using a cross-section weighted sum of atomic masses.
A similar procedure was employed to analyze the spectra corresponding to the glass phase. The spectra can also be adequately described in terms of sums of Gaussian functions, although, as it is evident from inspection of Figs. 2 and 3, the frequencies corresponding to the lowest-energy peak are now down to about 2 meV. A recoil mass of 1.93 amu was also calculated from the recoil curves. It is dificult to interpret such a difference in effective mass between the polycrystal and glass, although on qualitative grounds it may be explained as due to the lower force constants in the glass than in. the crystal. As a matter of fact, an estimate using the efFective masses and the ido frequencies gives a ratio of force constants between the glass and the crystal of about 0.2.
As can be seen from Fig. 4 , the peak position in the glass shows a very weak temperature dependence that can, in principle, indicate the harmonic nature of the excitations giving rise to this peak.
In order to investigate the origin of such peaks, the Z(cu) vibrational density of states was computed from the structure factor data.
Although in the quasiharmonic approximation, the vibrational contribution to the total density of states (DOS) is supposed to be independent of the temperature, we have calculated this quantity for all the measured temperatures in order to explore the extent in frequencies of the anharmonic contributions.
For such a purpose, the DOS for each temperature has been computed within the incoherent approximation by means of a formula that relates the observed structure factors with the sought Z(a), A comparison between the DQS obtained from both glass and polycrystal phases calculated from the analysis of MD trajectories and from LD computations is shown in Fig. 8 Table II shows the normalized average of the rotational and translational components of the molecular polarization vectors over all the crystal modes belonging to every peak (two averages for the 32.5-meV peak). They are expressed in the molecular principal-inertia axes (x is the smallest and z the largest inertia axes). As can be judged from the vector components given in the table, all the peaks are originated by modes of mixed (translational and rotational) character. The peak at 6.7 meV shows a predominately rotational character whereas a sharp translational component is manifest at 14.4 meV, a frequency that is near the Debye cutoff frequency~Li --13.95 meV, estimated from the fit of a Debye Z(~) to the low-frequency (up to 5 meV) part of the spectrum. Also a large translational component is readily apparent in the T, contribution of the 24.6-meV peak, and finally, the two mode polarizations that correspond to the 32.5-meV intense sharp feature are of a predominately rotational character.
A decomposition in terms of center of mass, rotational motions, and coupling terms has been performed in the case of MD data and the center-of-mass and rotational contributions are also depicted in the figure. The coupling terms were found to be rather small at low frequencies and only show a noticeable contribution centered at about 14 meV, which can be disregarded at sufBciently low temperatures. ln order to assign the main features appearing in the DOS calculated for the glass phase, Fig. 9 shows the atomic contributions to this quantity.
The following seems clear upon the inspection of the figure: (i) The mostly center-of-mass contributions follow an a2 law at low frequencies (up to 1 meV). From 1 to 3.5 meV the MD-DOS for all the atoms show an "excess" of vibrational states with respect the Debye behavior, and a crossover to a dependence lower than co~t akes place at about 3.5 meV. Similar features can be seen in the total DOS per atom, although the crossover now takes place at somewhat smaller frequencies (3 meV).
(ii) The three main regions in the total DOS centered at about 7, 15, and 27 meV have very different contributions from the individual atoms in the molecule.
(iii) The intense peak at 27 meV is mostly originated by rotational contributions from the molecular hydrogens.
(iv) The peaks at 7 and 15 meV have contributions of both rotational and center-of-mass character, although the most intense contributions in the curves that are unweighted by the r;eutron cross sections arise from those atoms nearer to the molecular center of mass (carbon and oxygen).
A comparison between the experimental and calculated DOS for the polycrystal evidences that for energy transfers larger than the one corresponding to the first maximum in the calculated DOS (i.e., 5.6 meV), the anharmonic contributions become dominant at 135 K. This makes a quantitative comparison difBcult since the LD calculation was carried out within the harmonic approximation. However, as will be shown below, the lowfrequency part of the computed Z(u) adequately reproduces the position of the low-energy peak evidenced by the experiment. Furthermore, as is shown in the figure, the Z(~) estimated from low-temperature data (5 and 10 K) show a better agreement with the one computed from MD simulations, as can be expected due to the low weight, at these temperatures, of the anharmonic contributions.
In order to gain some insight into the microscopic origin of the modes giving rise to the main peaks in the DOS obtained from the LD calculation the inelastic structure factors [i.e. , the quantities S(Q,~=const)j have been calculated from the structure factors derived from the LD calculation. As is well known, the wave-vector dependence of the inelastic intensity calculated at energy transfers corresponding to peak frequencies can give an indication of the coherence length associated with the excitations giving rise to such a peak. In this respect, it is worth remembering that, at low &equencies, the excitations are expected to show their acoustic nature in such plots as an oscillation that is in phase with the quantity Q2S(Q) static structure factor, whereas excitation of a different nature will show in such plots peaks centered at momentum transfers that define an average coherence length for the modes contributing to the peak in the DOS. Some results regarding the wave-vector dependence of the inelastic intensities are depicted in Fig. 10 . The first graph of the figure shows the calculated wavevector dependence for an energy transfer of 0.26 meV. In this case, the two peaks appearing at 1.5 and 1.9 A 1 are in phase with the static structure function Q2S(Q), thus indicating the purely acoustic nature of the excitations existing at these low frequencies. However, such a phase relationship is lost for frequencies corresponding to the intense peak that appears at 14.4 meV in the computed DOS. Furthermore, well-defined Table II it becomes clear that such a peak corresponds to a combination of lattice modes that correspond to the three low-lying acoustic excitations plus the lowest optical (rotational) components. A detailed discussion of the dispersive behavior of the individual modes will be given in a subsequent paper.
On the other hand, the peak appearing at about 2 meV in the glass samples arises from the low-frequency part of the total DOS, which shows a noticeable enhancement with respect to the one corresponding to the polycrystal, as was shown in Fig. 8 . Furthermore, such low-frequency peak arises from the c.m. motions part of the total DOS, as is also illustrated from the figure.
Several other broad features are also visible in both the experimental and calculated spectra, which can be correlated with the different features appearing in the DOS obtained from the LD calculation. In particular, the broad structure centered at about 12 meV and the sharp peak at 27 meV can be assumed to have the same origin as was mentioned above.
IV. DISCUSSION
The acoustic (mostly translational) character of the low-frequency vibrations that are known to be a universal characteristic of the glassy statess has been evidenced from the concurrent use of INS and computer MD simulation as well as LD in the harmonic approximation for the polycrystalline case. The harmonic character of such modes has been established from the analysis of the temperature dependence of the inelastic intensities. On the other hand, a comparison of higher-frequency vibrations in both crystalline and glass phases shows that, at least for modes giving rise to well resolved peaks (i.e. , the one at 32.5 meV in the crystal and those above it), a noticeable softening takes place in the glass phase. Such phenomenon can be explained in terms of the onset of highly anharmonic motions in the glass so that the average frequency wc~i s reduced by an amount Ace from the crystal ufo reference value. From the frequency shifts, it is therefore possible to estimate the order of magnitude of the cubic term of the expansion of the intermolecular potential in small displacements (neglecting quartic and higher-order interactions) ns from where the r&2" term is a mean displacement corresponding to the low-temperature regime where only harmonic motions are to be considered. For such a purpose the rh2, value was taken from a low-temperature (15-K) diffraction study of the solid n phase~s where a value of 0.031 A. was found. Using this estimate and the 5.5-meV decrease in frequency of the rotational peak, a value for ns of 8.77 x 10 " rad s A. is obtained. Such a value contrasts with the one for the quadratic term, which is cup --2.43 x 10 rad s, which is calculated from the frequency of the rotational peak in the polycrystal. The anomalously large value of the cubic term precludes the use of any perturbational approach for any significant calculation of properties such as mean-squared amplitudes of vibration.
A similar characteristic was also noted by Syrykh, The same symbols as those in (a) In any case it should be taken into account that at low temperatures where the inelastic intensity is very weak, and below 1 meV, the neutron data using the energy resolution achieved in the present work, cannot provide an accurate measurement of the Z(w) because of the difficulty of separating the contribution from the huge elastic peak from the inelastic response. Therefore, the data measured at T = 5 and 10 K should be affected by large errors, it being difficult to estimate the accuracy of these two points.
In order to explore the low-temperature behavior of the specific-heat curves, Fig. 12(b) shows the functions C"(T)/Ts corresponding to the computer calculations.
Several comments are in order regarding the Fig. 12(b An attempt to analyze the shape of the pronounced bump at about 4 K in terms of a sum of temperaturedependent terms with integer or fractional exponents failed to give any reasonable approximation if the coefficients were constrained to be positive.
The presence of such a bump is, therefore, accounted for by the mostly center-of-mass part of the MD-DOS that is peaked at low frequencies (about 6 meV). Moreover, the shape of such a maximum can be reproduced by calculation of the C"T function using a frequency cutoff of 10 rneV. The origin of this feature can be assigned to the three different frequency regions, which were apparent in the MD-DOS (i.e. , a Debye behavior below 1 meV, an increase higher than w between 1 and 3 meV, and a higher-frequency region with a weaker u dependence ).
Finally, a comparison of the C"T curves obtained from MD as well as the one computed using the DOS corresponding to T = 10 and 35 K is given in Fig. 13 . However, the concurrent use of experiment, MD, and LD has been shown to be a powerful tool for the investigation of the dynamic characteristics of the glass phase, and some of the most relevant conclusions are given be- K.
The low-frequency peak in the S(Q, cu) dynamical structure factor of a molecular glass former has been studied by incoherent INS and simulation means (MD) taking the polycrystal as a reference state. This finitefrequency peak, which is only found in the glass at an energy transfer of about 2 meV, is of a mostly translational nature as evidenced from comparison of spectra calculated from the different contributions to the DOS obtained by means of MD simulations. The presence of such a peak is a direct consequence of the presence of "excess" modes in the DOS of the glass, as evidenced by comparison of both experimental and calculated spectra for the glass and polycrystal phases. In opposition, the lowest-frequency peak in the polycrystal at about 6 meV in energy transfer has a rather different nature since the modes giving rise to this finite-frequency response are of mostly rotational origin. Such an "excess DOS" has been evidenced to be of a harmonic nature from the temperature behavior of the inelastic intensities. In this latter respect, it is worth emphasizing the fact that even for this case where the molecular unit shows highly anharmonic internal vibrations the excess DOS still is of purely harmonic nature.
The presence of a noticeable bump in the C"T s curves is substantiated from a comparison of the results from both MD and experiment as was shown in Fig. 13 
